The vertebrate midbrain consists of dorsal and ventral domains, the tectum and tegmentum, which execute remarkably different developmental programs. Tectal development is characterized by radial migration of differentiating neurons to form a laminar structure, while the tegmentum generates functionally diverse nuclei at characteristic positions along the neural axis. Here we show that neurons appearing early in the development of the tectum are characterized either by the expression of the POU-domain transcription factor Brn3.0, or by members of the Pax and LIM families. Early neurons of the rostral tegmentum co-express Brn3.0 and Lim1/2, and caudal tegmental neurons express Islet1/2. Notochord tissue or Shh-transfected epithelial cells, transplanted to the developing tectum, suppress the development of tectal neurons, and induce the differentiation of multiple tegmental cell types. The distance from the midbrain-hindbrain boundary (MHB) determines the speci®c markers expressed by the tegmental neurons induced in the tectum, and the transplantation of MHB tissue adjacent to the rostral tegmentum also induces caudal markers, demonstrating the role of MHB signals in determining the phenotype of these early midbrain neurons. Co-culture of isolated midbrain neuroepithelium with Shh-expressing cells demonstrates that Shh is suf®cient to convert tectal neurons to a tegmental fate. In mice lacking Shh, Brn3.0-and Pax7-expressing neurons typical of the tectum develop throughout the ventral midbrain, and gene expression patterns characteristic of early tegmental development do not appear. Published by Elsevier Science Ireland Ltd.
Introduction
The vertebrate midbrain consists of a dorsal part, or tectum, that contains systems for the processing of visual and auditory information, and a ventral part, or tegmentum, with many nuclei serving diverse motor and integrative functions. Like all brain regions, the midbrain develops from a relatively undifferentiated layer of dividing neuronal precursors, and the tectum and tegmentum are generated from the lateral and medial parts of the same region of the neural plate. However, the subsequent development of these structures is quite distinct, in that the neurons of the mature tectum are organized in layers, while the tegmentum consists of discrete nuclei.
Prior to neurogenesis, areas of the midbrain neuroepithelium become distinguishable by the expression of characteristic regulatory genes, the best known of which is engrailed. Engrailed expression is highest in the caudal midbrain, and declines rostrally, but transplantation experiments in avian embryos have shown that there is considerable plasticity in the expression of engrailed along the rostrocaudal axis and in the subsequent generation of midbrain structures (Gardner and Barald, 1991; Marin and Puelles, 1994; AlvaradoMallart, 1993) . Tissue from the midbrain±hindbrain boundary (MHB) can induce the expression of engrailed and other caudal markers in the rostral midbrain and diencephalon, and the activity in the MHB that respeci®es the more rostral neuroepithelium has been termed the`isthmic organizer'. Extracellular signals including Wnt-1 and FGF-8, and homeodomain proteins including engrailed, Pax2, Pax5, Otx2 and Gbx2 have all been shown to play roles in the establishment and maintenance of this organizer function (Joyner, 1996; Lee et al., 1997; Shamim et al., 1999) .
Subsequent to the patterning of the mesencephalon by the isthmic organizer, midbrain neuroblasts exit the cell cycle and differentiate into many distinct kinds of neurons. The development of tegmental dopaminergic (DA) neurons requires both proximity to the MHB and exposure to the ventral signal sonic hedgehog (Shh; Ye et al., 1998; Hynes and Rosenthal, 1999) , but little is known about the signals that control the generation and maintenance of most speci®c types of midbrain neurons.
Differentiation of the spinal cord provides a possible model for the mechanisms underlying the establishment of neuronal identity in the midbrain. Many signals participate in the speci®cation of spinal cord neurons. Dorsal interneurons differentiate in response to signals from the overlying surface ectoderm and roof plate, particularly members of the transforming growth factor-b family, although some may differentiate via roof plate-independent mechanisms (Liem et al., 1995; Dickinson et al., 1995; Fedtsova and Turner, 1997; Lee and Jessell, 1999; Lee et al., 2000) . In the ventral spinal cord, motor neurons are induced by Shh from the notochord and¯oor plate (Roelink et al., 1994) , and classes of interneurons develop by mechanisms dependent on Shh (Ericson et al., 1996) and retinoic acid (Pierani et al., 1999) . Several types of early spinal neurons can be distinguished by characteristic markers, principally transcription factors, including members of the LIM, Pax, POU and other homeodomain families (Tanabe and Jessell, 1996; Fedtsova and Turner, 1997; Tanabe et al., 1998; Thaler et al., 1999) .
In previous studies we have demonstrated that dorsal spinal interneurons appearing early in development express the POU-domain transcription factor Brn3.0, and that the development of these neurons is inhibited by the presence of an ectopic notochord or other source of Shh (Fedtsova and Turner, 1997) . In the mouse, Brn3.0 expression has also been demonstrated in speci®c neurons of the midbrain tectum and tegmentum, some of which are among the ®rst differentiated neurons to appear anywhere in the CNS (Fedtsova and Turner, 1995; Trieu et al., 1999) , but whether the development of these cells is also regulated by Shh is unknown.
Here we show that in the developing chick, speci®c tectal and tegmental neurons are characterized by the expression of homeodomain proteins, including Brn3.0, the paired homeodomain factor Pax7, and members of the Islet, LIM, and Engrailed families. Ectopic notochord tissue inhibits the normal laminar expression of Brn3.0, Pax7 and Lim1/2 in the tectum, and induces the differentiation of multiple tegmental cell types from the tectal neuroepithelium. Shh expressed by implanted heterologous cells effectively replaces the notochord in the repression of tectal development and the induction of tegmental neurons. The ectopic tegmental neurons induced by Shh in the rostral or caudal tectum express transcription factors that are characteristic of the corresponding rostral or caudal position in the tegmentum, demonstrating that the developing tectum retains latent positional information. Consistent with this, transplanted tissue from the MHB suppresses the normal expression of Brn3.0 in the rostral tegmentum and induce Islet-expressing neurons usually found at a more caudal position. Finally, examination of mice lacking Shh demonstrates that this factor is necessary for the restriction of tectal neurons to the dorsal neural tube, and for the differentiation of early-developing tegmental nuclei.
Results

POU, Pax, Engrailed and Lim factors identify speci®c tectal and tegmental neurons
We began this examination of neurogenesis in the midbrain by de®ning a set of markers for speci®c neuronal types in the developing chick tectum and tegmentum. Ideally, useful markers should be expressed soon after the exit of neuronal precursors from the cell cycle, and identify the same cells throughout development and in the mature brain. Because Brn3.0 has been a useful marker in prior studies of spinal cord development (Fedtsova and Turner, 1997) , but has not been described in the avian brain, we compared the ontogeny of the Brn3.0-expressing cells to other classes of tectal and tegmental neurons identi®ed by the speci®c expression of Lim, Pax, and engrailed proteins. The expression of Brn3.0 was ®rst detected in the midbrain at embryonic day 3 (E3, stage 19), in a small number of differentiating tectal neurons (not shown), and was observed only in postmitotic cells, not in the neuroepithelial layer. By E4.5 (stage 25), signi®cant populations of Brn3.0 expressing neurons were noted in the tegmentum and the tectum. In the rostral tegmentum, Brn3.0 neurons appeared in symmetrical groups lateral to the¯oor plate, but did not differentiate near the isthmus (Fig. 1B,C) . In the tectum, a uniform layer of Brn3.0 expressing neurons extended from a rostral limit at the posterior commissure (Fig. 1D) , to a caudal boundary at the isthmus (Fig. 1E) .
We then compared the expression of Brn3.0 to that of other transcription factors identifying speci®c populations of midbrain neurons, including Islet, Pax, Lim and Engrailed proteins. Brn3.0 and Islet expression generally identi®ed distinct groups of midbrain neurons. The majority of developing tegmental Brn3.0 neurons were observed rostral to the Islet-expressing motor neurons, but even where these cell groups intermingled in the tegmentum, individual neurons expressed only one marker (Fig. 1C) . The only exception to this rule in the midbrain was the mesencephalic trigeminal nucleus (mes5), which expresses both factors (Fig. 1D,E) . These neurons were found near the dorsal midline of the tectum and were especially numerous in the isthmic region. The mes5 is atypical for the CNS, in that it consists of sensory neurons. Thus co-expression of Brn3.0 and Islet in the mes5 is consistent with previous results showing co-expression of these markers in the dorsal root ganglia (Fedtsova and Turner, 1997) , and cranial sensory ganglia (N. Fedstova, unpublished data). The developing tegmental Brn3.0 neurons, examined at E6.5, did not express tyrosine hydroxylase (not shown), and thus are clearly distinct from the midbrain dopaminergic neurons characterized in previous studies.
The appearance of Brn3.0-expressing neurons in the postmitotic cell layer of the tectum was strongly correlated with the expression of the paired homeodomain genes Pax3 and Pax7 in the underlying neuroepithelium. However, near the Brn3.0 tectal neurons distributed throughout the tectum from the isthmus to posterior commissure. A few tectal Brn3.0 neurons, concentrated near the midline, co-express Islet and are sensory neurons of the mesV. In (F) expression of Pax7 in the neuroepithelium extends beyond the rostral limit of early Brn3.0 neurons. In coronal sections of the E6 (G) and E12 (H) tectum, Pax7 is also seen in a subset of post-mitotic neurons that are Brn3.0-negative (H, inset). In coronal sections of E5.0 (stage 27) embryos, Brn3.0 and Lim characterize distinct tectal neurons (I) but overlapping populations of cells (yellow color) in the tegmentum (J). The occasional appearance of yellow signal in the tectum is due to partially overlapping Brn3.0-and Lim-expressing nuclei, as shown in the inset high-power view. fp,¯oor plate; isth, isthmus; pc, posterior commissure; pin, pineal; rp, roof plate. Scale: A, 350 mm; B,F,H, 100 mm; I, 75 mm; C,D,E,J, 50 mm; G, 20 mm. midline, the expression of Pax7 extended more rostrally than the early limit of Brn3.0 expression at the posterior commissure, into the future diencephalon and pineal (Fig.  1F) . Later in development, the Brn3.0-expressing neurons of the habenula differentiate from this region.
In addition to its expression in the dorsal neuroepithelium, Pax7 was also detected in a subset of postmitotic tectal neurons. These cells appeared slightly later than the ®rst Brn3.0 immunoreactive neurons, but were numerous by E6 (Fig. 1G) . By E12, the Pax7 neurons were found in several tectal layers (Fig. 1H, and Kawakami et al., 1997) , and were particularly numerous in layer 10 within the stratum griseum et ®brosum super®ciale (SGFS), where they intermingle with Brn3.0 immunoreactive neurons, but do not co-express Brn3.0 (Fig. 1H, inset) .
Antibodies recognizing the LIM-homeodomain proteins Lim1 and Lim2 (Tsuchida et al., 1994 ) also identi®ed speci®c midbrain neurons. In the E5 tectum, Lim1/2 is expressed in early neurons that are distinct from those expressing Brn3.0 (Fig. 1I ). In contrast, the Brn3.0-positive tegmental neurons are a subset of the Lim-expressing cells in this region (Fig. 1J , yellow color), and the co-expression of Lim1/2 and Brn3.0 is exclusively a tegmental phenotype.
The homeodomain protein En2 is strongly expressed in the caudal midbrain, with a posterior border near the isthmus, and a declining gradient of expression rostrally (Martinez et al., 1991; Itasaki et al., 1991) . In the early tectum, Brn3.0 neurons differentiate in a uniform layer throughout the midbrain compartment, which bears no apparent relationship to the graded expression of En2. In the tegmentum, however, Brn3.0 neurons were not observed adjacent to the most intense region of En2 expression in the neuroepithelium ( Fig. 2A) . Serial sections were examined at E6 for the expression of Brn3.0 and engrailed in post-mitotic neurons (Fig. 6B,C) . Near the isthmus (I), Brn3.0 neurons are absent, and engrailed is expressed in most cells within the postmitotic layer. Rostral to this area (II), Brn3.0 and engrailed were frequently co-expressed. Finally, in the most rostral tegmentum (IV), engrailed was observed in only a few neurons, which did not express Brn3.0. Prior work has shown that En2 expression persists in the hatchling chick in the tectum and in speci®c tegmental nuclei (Millet and Alvarado-Mallart, 1995) . Consistent with our results (see also Fig. 6 ), laminar expression of En2 was shown in these studies to be con®ned to the medial part of the optic tectum, which is caudal in origin.
We then examined the midbrain of the hatchling chick to determine the developmental fate of the Brn3.0-expressing tectal and tegmental neurons. At this stage, Brn3.0 showed Fig. 2 . Brn3.0 and En-2 expression in the developing midbrain. In (A) En2 expression was examined in sagittal sections of E4.5 (stage 25) embryos and shown to be expressed in the expected caudal-to-rostral gradient in the midbrain neuroepithelium and in a subset of postmitotic tegmental neurons. In (C), coronal sections of E6.0 (stage 29) embryos were examined from the positions along the rostrocaudal axis shown in (B). Near the isthmus (I), Brn3.0-expressing neurons were not observed. At a somewhat more rostral position, En2 was observed to be co-expressed with Brn3.0 (II, yellow color), whereas in yet more rostral positions (III, IV), these markers identi®ed non-overlapping sets of post-mitotic cells. ne, neuroepithelium; pml, post-mitotic layer. Scale: A, 150 mm; B, 250 mm; C, 50 mm.
lamina-speci®c expression in the tectum (Fig. 3A,C,D) , with the Brn3.0-expressing neurons concentrated in layers 6, 8, and 10 of the SGFS, the stratum griseum centrale (SGC, layer 13), the stratum griseum et ®brosum periventriculare (SGFPv, layer 15) , and the nucleus intercollicularis (ICo; Hunt and Brecha, 1984) . Brn3.0 neurons were rarely observed in the more super®cial tectal layers, such as the stratum opticum. Expression of Brn3.0 characterized similar layers at all rostrocaudal levels of the tectum, but was not detected in the principal nucleus of the inferior colliculus. In the tegmentum (Fig. 3A,B ,E,G), expression was noted principally in the interpeduncular nucleus, red nucleus, central gray and mesV (Kuenzel, 1988) . Rostral to the midbrain, Brn3.0 was strongly expressed in the medial and lateral habenula (Fig. 3F ). The nuclei expressing Brn3.0 in the hatchling chick do not include the nucleus tegmentii pedunculo-pontinus pars compacta (TPc, Fig. 3A ) or the area ventralis of Tsai (AVT, Fig. 3G ), which correspond to the mammalian substantia nigra and ventral tegmental area, and are the principal DA cell groups in the avian tegmentum. This con®rms that the Brn3.0 and DA cells are non-overlapping classes of tegmental neurons. Fig. 3 . Developmental fate of Brn3.0-expressing mesencephalic and diencephalic neurons. Coronal sections of the rostral (A) and central (B) hatchling chick midbrain show the expression of Brn3.0 in speci®c cortical lamina (C,D) and speci®c tegmental nuclei (E, G). In (F) the habenula is seen in a coronal section rostral to (A). AVC, area ventralis of Tsai; IP, interpeduncular nucleus; ICo, nucleus intercollicularis; LHb, lateral habenula; mesV, mesencephalic trigeminal; MHb, medial habenula; R, red nucleus; SAC, stratum album centrale; SGFPv, stratum griseum et ®brosum periventricularis; SGFS, stratum griseum et ®brosum; SO, stratum opticum; TPc, nucleus tegmentii pedunculo-pontinus pars compacta. Subdivisions of the SGFS are denoted numerically according to the system of Cajal (Hunt and Brecha, 1984) .
The notochord repatterns expression of Pax7, and respeci®es tectal cell fates
In the spinal cord, ectopic notochord tissue implanted in a dorsal position will suppress the expression of neuroepithelial patterning genes such as Pax3, Pax7 and Msx-1/2 (Goulding et al., 1993; Monsoro-Burq et al., 1995; Ericson et al., 1996) , inhibit the differentiation of dorsal Brn3.0-expressing neurons (Fedtsova and Turner, 1997) , and induce Islet-expressing motor neurons (Tanabe and Jessell, 1996) . In the early embryo, the notochord also underlies the presumptive midbrain. Later in development, the¯oor plate provides a source of Shh in this region (Marti et al., 1995) . To initiate our investigation of the role of ventral signals in the midbrain, we examined the effect of notochord tissue, rather than the¯oor plate, transplanted to the developing tectum, because the notochord provides a source of ventralizing activity that can be easily transplanted and identi®ed in post-operative embryos.
Notochord transplantation was performed with stage 10 donors and recipients, and operated embryos were then examined at 5 and 24 h post-surgery for the effects on neuroepithelial patterning genes, and at 4 days post-surgery for the effect on neural identity genes. Examination of whole-mount embryos at stage 12, 5 h after surgery, showed no change in the endogenous pattern of Pax7 expression (Fig. 4A) . However, by stage 20, Pax7 was absent from the region surrounding the ectopic notochord in both dorsal and dorsolateral locations (Fig. 4B±D,G) . This repatterning of Pax7 expression has been previously noted in embryos which received¯oor plate transplants to the dorsal midbrain (Nomura et al., 1998) . In contrast, En2 expression remained unaltered in the vicinity of the notochord in similar embryos (Fig. 4E,F,H) . We next examined the effect of the notochord on the identity of early post-mitotic neurons in the tectum. In the unoperated tectum, most early neurons expressed Brn3.0, and formed a fairly uniform post-mitotic cell layer throughout the tectal compartment. The introduction of an ectopic notochord induced marked morphological changes in its vicinity, including thickening of the post-mitotic neural layer and the overlying white matter (Fig. 5A ). In the post-mitotic cell layer in the vicinity of the notochord, the typical layer of Brn3.0-expressing neurons did not appear, and in its place, distinct clusters neurons differentiated that expressed either Brn3.0 or Islet, but not both (Fig. 5C , vs. D,E). Often these neurons appeared in symmetrical groups resembling the differentiating nuclei of the normal tegmentum at the equivalent rostrocaudal level (Fig. 5B) . As noted at earlier stages (Fig. 4) , the implantation of an ectopic notochord suppressed the tectal expression of Pax7 (Fig. 5E ) and Pax3 (data not shown), and the area of missing Pax7 expression in the neuroepithelium coincided closely with the loss of Brn3.0 expression in the post-mitotic cell layer. Similar results were obtained using explants of spinal¯oor plate tissue as a source of ventral signals (data not shown).
SHH is a suf®cient signal for the induction of multiple tegmental phenotypes
To test whether Shh is a suf®cient ventral signal to reprogram the identities of tectal neurons, we introduced quail QT6 cells permanently transfected with an Shh expression construct (Duprez et al., 1999) into the mesodermal layer of stage 10 embryos adjacent to the neuroepithelium of the future rostral and caudal tectum. When examined at stage 27, the QT6/Shh cells produced marked changes in tectal morphology. In the rostral tectum, a large expansion of the neuroepithelium normally results in an infolding of the tectum that adds to the laminar complexity of the resulting structure. When Shh-expressing cells were introduced at a dorsolateral position in this area (Fig. 6B) , the extent of the tectal neuroepithelium on the operated side was greatly reduced, and the infolding did not take place. A similar reduction was seen when QT6/Shh cells were implanted adjacent to the most caudal part of the tectal neuroepithelium (Fig. 6C) . Because the extent of the post-mitotic cell layer was signi®cantly increased near the implanted cells, the most likely reason for the reduced size of the tectal compartment is Shh-induced premature exit from the cell cycle.
Implanted QT6/Shh and control QT6 cells were identi®ed in tissue sections by the expression of the quail-speci®c antigen QCPN (Fig. 6I) . These cell lines also show endogenous expression of Pax7 (Fig. 6D ,J,P). Implantation of control QT6 cells did not affect the expression of Pax7, Brn3.0 (Fig. 6D) , or any other markers of tectal neural identity. In the rostral tectum, implanted QT6/Shh cells induced neurons that exhibited several characteristics typical of the tegmentum rather than the tectum: (1) the normal laminar pattern of Brn3.0 expression was disrupted; (2) Pax7 expression was eliminated in the neuroepithelium, and post-mitotic Pax7 neurons did not appear (Fig. 6E,J) ; (3) Islet expression was induced in only a few cells, and these did not co-express Brn3.0 (Fig. 6F,K) ; (4) En2 was induced in post-mitotic neurons that did not co-express Brn3.0 (Fig.  6G,L) ; (5) a cluster of Brn3.0-expressing cells were induced that co-expressed Lim (Fig. 6H,M,N) .
When Shh cells were implanted in a lateral position in the caudal tectum, a similar respeci®cation of neuronal identity was observed. The normal laminar pattern of Brn3.0 expression was disrupted, and the expression of Pax7 in the neuroepithelium and the post-mitotic cell layer was suppressed ( Fig. 6O,P) . However, some differences were observed between the neuronal types induced by Shh cells placed in a caudal position and those induced in the rostral tectum. A majority of the neurons induced in the caudal tectum expressed Islet rather than Brn3.0 (Fig. 6Q,R) as normally observed in the caudal tegmentum. Also characteristic of a caudal tegmental phenotype, most of the postmitotic neurons induced by QT6/Shh cells in the caudal tectum expressed En2, and En2 and Brn3.0 were often coexpressed (Fig. 6S,T) .
The normal fate of the tectal neuroepithelium is to generate a structure containing a laminar pattern of Brn3.0-, Pax7-and Lim-expressing neurons that is similar in the rostral and caudal tectum. However, these results indicate that ventralization of the tectal neuroepithelium by Shh will induce neuronal identities characteristic of the corresponding rostral or caudal tegmental region, especially a preponderance of Brn3.0-expressing tegmental neurons in the rostral midbrain, and Islet-expressing motor neurons in the caudal midbrain. Thus the early tectum retains latent rostrocaudal positional information, possibly originating from the mid-hindbrain boundary (MHB), that can be accessed by exposure to a ventralizing signal.
To test directly the role of signals from the MHB on tegmental neuronal identity, explants were taken from the dorsolateral neuroepithelium near the isthmic constriction of stage 10 embryos, and transplanted to another embryo lateral to the¯oor plate of the tegmentum (Fig. 7A) . The ectopic MHB tissue was placed at a rostral position, near a region of the tegmentum in which most of the early neurons later express Brn3.0, and Islet-expressing motor neurons do not develop (Fig. 7E , unoperated side; see also Fig. 1B) . The effect of the MHB transplant was examined in coronal sections at stage 26 (Fig. 7B,C) . As expected, based on prior studies of the inductive properties of the isthmus (Joyner, 1996) , engrailed expression was strongly induced in the tegmental neuroepithelium adjacent to the implanted tissue (Fig. 7D) . The ectopic tissue also completely suppressed the normal differentiation of the Brn3.0-expressing neurons usually seen at this position, and induced Islet expression (Fig. 7C) , con®rming that signals from the isthmus control the relative differentiation of the Brn3.0-and Islet-expressing tegmental neurons along the rostrocaudal axis of the tegmentum. The tegmental neuroepithelium retained the expression of the midbrain marker Otx2 on the operated side, indicating that the isthmus did not convert the tegmentum to a hindbrain fate.
To further de®ne the signals that control neuronal identity in the midbrain, the differentiation of speci®c neuronal types was examined in cultured tectal explants. We wished to determine whether the tectal neuronal types observed in vivo can develop in the absence of the adjacent surface ectoderm and mesoderm, and whether Shh is suf®cient to control the neuronal phenotypes generated from isolated neuroepithelium. Explants of neuroepithelium were taken from the caudal tectum of stage 10 embryos at a dorsolateral position (Fig. 8A,B) . At this stage, Pax7 expression was restricted to the dorsal neural tube, but no Brn3.0, Lim, or Islet neurons were observed. Explants were taken from a caudal location because the caudal tegmentum does not normally contain Brn3.0-expressing neurons (Fig. 2) , and thus Brn3.0 is exclusively a tectal marker at this rostrocaudal level. Explants were cultured 4 days in de®ned medium without adjacent surface ectoderm or mesoderm, but in the presence of QT6 or QT6/Shh cells (Fig. 8C) . Explants grown in tissue culture with control QT6 cells expressed the same neural identity genes observed in the tectum in vivo. Brn3.0-expressing cells were numerous, and Islet-expressing motor neurons did not differentiate. Also as in the normal tectum, Pax7 expression appeared in the dividing cell layer and in a subset of post-mitotic neurons, and the Pax7-and Lim-expressing neurons did not co-express Brn3.0.
Co-culture of stage 10 explants with QT6/Shh cells was suf®cient to reproduce the effects of the notochord in vivo, including the suppression of Pax7 expression in the neuroepithelium and in post-mitotic neurons, suppression of Brn3.0-and Brn3.0/Lim-expressing cells, and induction of Islet-expressing motor neurons. Lim1/2 was expressed in the presence of both control and Shh-transfected cells, in accordance with its expression in both tectal and tegmental neurons.
Differentiation of early midbrain neurons in Shh knockout mice
Taken together, these manipulations of the developing chick embryo show that Shh is suf®cient for the suppression of the program of tectal neurogenesis and the induction of early tegmental phenotypes. To test whether Shh expression is necessary as well as suf®cient for the suppression of tectal neurogenesis, we examined the generation of early midbrain neurons in Shh knockout mice. Embryos lacking Shh and control littermates were examined at E11.5, soon after he early tectal and tegmental phenotypes characterized by Brn3.0, Islet, and Lim1/2 expression are established. As noted in prior studies (Chiang et al., 1996) , Shh 2/2 embryos were much smaller than their littermates, the size of their cephalic compartments were reduced, and they exhibited marked facial deformities (Fig. 9A,B) . Another notable feature of embryos lacking Shh was that the telencephalon and mesencephalon developed as separate compartments. At E10.5 (data not shown), the isthmic passage remained between the mesencephalon and rhombencephalon, but by E11.5 (Fig. 9B ) these compartments also appeared to be separate. The pattern of Pax7, Brn3.0, Lim and Islet expression in the normal E11.5 mouse midbrain (Fig. 9C±F) was very similar to that observed in the chick at the equivalent developmental stage. Comparison of Shh control and mutant embryos con®rmed the central role of Shh in restricting tectal phenotypes to the dorsal neural tube and inducing the characteristic tegmental nuclei.
In the absence of Shh, Pax7 expression, normally Fig. 7 . Signals from the isthmus determine tegmental neuronal identity. As shown in (A), neuroectoderm from a lateral position near the mid-hindbrain junction was dissected from the neural tube of a stage 10 embryo, and implanted lateral to the¯oor plate in the rostral tegmentum of another embryo, also at stage 10. Operated embryos were then allowed to develop and were examined in coronal section at stage 26 (B,C). Exposure to tissue from the isthmus induced engrailed expression in the neuroepithelium and post-mitotic cell layer (D). Ectopic isthmic tissue also suppressed the usual expression of Brn3.0 at this level, and induced ectopic Islet expression (D,E). Otx2 was expressed in the vicinity of the isthmic transplant and on the unoperated side, consistent with the maintenance of midbrain identity (F). Note that in (F), Otx2 is labeled in only part of the transplanted isthmic tissue, consistent with its origin from the midbrain-hindbrain junction. di, diencephalon; fp,¯oor plate; Isth, isthmus; PT, pretectum; tec, tectum; teg, tegmentum. Scale: C, 250 mm; D,E, 100 mm; F, 200 mm.
restricted to the tectum, extended throughout the ventral neuroepithelium (Fig. 9D,H) . The normal laminar pattern of Brn3.0 in the tectum was also extended throughout the neural tube, and the Islet-expressing tegmental motor nuclei were lost (Fig. 9E,I ). Brn3.0/Islet-expressing tectal cells, precursors of the mesV, were also distributed throughout the ventral neural tube in Shh knockout embryos (Fig. 9E,I , arrows). In addition, these cells appeared to be relatively more numerous in the knockout than in control embryos. However, this may be due in part to the overall reduction in size of the tectal compartment and relative sparing of these cells. Finally, tegmental neurons characterized by Lim expression, including those co-expressing Brn3.0, are also lost in Shh mutant mice (Fig. 9F,K) . Instead, a few scattered Lim-expressing neurons, characteristic of the tectum at this stage, appear in both the dorsal and ventral regions (Fig.  9F,K, arrows) . Together these results demonstrate that Shh is necessary for restriction of tectal differentiation to the dorsal midbrain, and the induction of tegmental phenotypes.
Discussion
In the present work, we have shown that classes of earlydeveloping neurons in the midbrain can be identi®ed by the expression of homeobox-containing transcription factors, including Brn3.0, Pax7, Islet1/2, Lim1/2 and En2. Furthermore, the persisting expression of Brn3.0 in the mature midbrain has allowed us to determine the developmental fate of some of these early cells in speci®c tectal lamina and tegmental nuclei. Finally, changes in the expression of these neural identity genes in the presence of ventral and isthmic signals have allowed us to begin to understand how the development of speci®c tectal and tegmental neurons is regulated.
Exposure of the tectal neuroepithelium to the notochord or Shh results in striking morphological changes, including thickening of the post-mitotic cell layer and overlying white matter. When a large region of the tectal neuroepithelium is exposed to Shh from QT6/Shh cells scattered within the adjacent mesoderm, the normal enlargement of the tectal compartment is greatly restricted. Similar results have been reported by investigators who expressed Shh ectopically in the neuroepithelium of an entire tectal hemisphere by electroporation in ovo (Watanabe and Nakamura, 2000) . Because ectopic Shh inhibits BrdU incorporation (Watanabe and Nakamura, 2000) and locally increases the number of differentiated neurons, reduced cell proliferation via premature exit from the cell cycle is the most likely mechanism for the reduction in the tectal compartment. These results suggest that Shh is a major regulator of the markedly different sizes of the tectum and tegmentum. However, the effect of Shh on cell proliferation is clearly dependent on location and stage of development. As shown here, in the absence of Shh the tectum is not enlarged, and the entire midbrain compartment is reduced by the apparent absence Fig. 8 . Expression of midbrain neuronal identity genes in explant culture. Explants were taken from the dorsolateral neuroepithelium of the caudal tectum, as shown in (A) and (B). Explants were cultured 4 days in de®ned medium, either alone or with QT6 or QT6/Shh cells (C), and the expression of neural identity genes was examined in paraf®n sections. The results shown are typical of those seen in ten co-cultured explants. The QT6 cells were identi®ed by expression of QCPN and Pax7, as shown in the top two rows, and the QT6 cells occupy a similar position in the adjacent sections in rows three and four. Cells expressing Brn3.0 appear green in all sections, and cells that express other factors appear orange/red as labeled in each row. Arrows in the third row, right, indicate Islet-positive neurons differentiating in the presence of QT6/Shh cells. Scale: B, 50 mm; C, 100 mm. of the tegmentum. Shh has also been shown to increase the proliferation of the differentiating pool of cerebellar granule cells (Wechsler-Reya and Scott, 1999) , and prolonged expression of Shh in the dorsal spinal cord increases cell proliferation and inhibits differentiation (Rowitch et al., 1999) . The mechanism of these context-dependent effects of Shh on cell proliferation remains to be determined.
Ventralization of the tectum by Shh obliterates the normal program of tectal differentiation, and induces several tegmental phenotypes, including the Islet-expressing motor neurons shown here and in prior work (Watanabe and Nakamura, 2000) , Brn3.0/Lim-expressing tegmental interneurons, and En2-expressing neurons. Ventral signals have also been shown in several studies to induce midbrain DA neurons which give rise to the TPc and AVT (substantia nigra and ventral tegmental area in mammals; Hynes and Rosenthal, 1999) . The DA cells are generated from E12 to 15 in the rat (Marchand and Poirer, 1983) , and at similar stages of chick and mouse development. TH expression in DA cells appears later than the expression of Islet and Brn3.0, but the early markers of the dopaminergic lineage nurr1 and Ptx-3 are expressed around the same developmental period as the factors examined here (Smidt et al., 1997; Zetterstrom et al., 1997; Saucedo-Cardenas et al., 1998) .
Like the early tegmental neurons described in this study, the DA cells appear to differentiate adjacent to the caudal oor plate in response to a combination of ventral midline and MHB signals. Induction of an ectopic¯oor plate via the dorsal transgenic expression of HNF-3b induces ectopic DA cells (Hynes et al., 1995a) , and Shh is a suf®cient signal to mimic the¯oor plate effect (Hynes et al., 1995b; Wang et al., 1995) . As suggested by their origin in the caudal tegmentum, the DA cells are also dependent on signals from the isthmus. In transgenic models, the DA neurons are greatly reduced when FGF-8 is depleted in vivo (Meyers et al., 1998) . In tissue culture studies, FGF-8 alone can induce ectopic DA neurons in ventral midbrain tissue, but requires the concerted action of Shh to induce DA neurons in dorsal explants (Ye et al., 1998) .
The development of 5-hydroxytryptamine and DA neurons in the midbrain and hindbrain has been described as occurring along a set of`Cartesian coordinates' provided by Shh in the ventral midline and FGF-8 in the MHB (Ye et al., 1998) . Islet-expressing motor neurons in the hindbrain also develop at speci®c rostrocaudal levels, but the coordinates are determined by rhombomere-speci®c Hox gene expression (Jungbluth et al., 1999) . The differentiation of the speci®c tegmental cell types described in this study is largely consistent with these models. Islet-expressing cells that develop in the caudal tegmentum are induced by Shh plus the MHB, whereas Brn3.0/Lim-expressing tegmental neurons that develop in the rostral tegmentum are induced by Shh and suppressed by the MHB.
In contrast to the tegmentum, the tectal neuroepithelium appears to`ignore' these rostrocaudal coordinates in the generation of Brn3.0-, Pax7-and Lim1/2-expressing neurons in the early midbrain. Instead, these neurons are generated in a similar laminar pattern in the rostral and caudal tectum. However, when a ventralizing signal is provided, the neuroepithelium`remembers' the latent rostrocaudal information, and ectopic tegmental neurons are generated in a position-appropriate way. Unlike Brn3.0, Pax7 and Lim1/2, the post-mitotic expression of En2 in the tectum exhibits a strong caudal-to-rostral gradient, which is transformed into a medial-to-temporal gradient in the mature tectum (Millet and Alvarado-Mallart, 1995) . Further evidence that rostrocaudal position remains speci®ed but latent during early tectal neurogenesis is provided later in tectal development by the role of the graded expression of engrailed in patterning retinotectal projections (Logan et al., 1996; Itasaki and Nakamura, 1996; Friedman and O'Leary, 1996) . Thus a fundamental remaining question in tectal neurogenesis is how post-mitotic En2 expression is regulated by MHB signals whereas the expression of Brn3.0 is not, even when En2 and Brn3.0 are co-expressed in individual neurons. A second key question is how the developing tectum yields multiple distinctive cell types, such as the mutually exclusive Brn3.0-and Pax7-expressing neurons, from the same neuroepithelial region. This cellular diversity is not explained by the time in development at which the neurons exit the cell cycle, since both Brn3.0-and Pax7-expressing neurons are generated in overlapping time periods spanning several developmental days.
It also remains to be seen whether the DA, En2, Islet-and Brn3.0-expressing tegmental neurons develop in response to different levels of the known¯oor plate and MHB signals, or whether other mechanisms are required. In the spinal cord, exposure to different levels of Shh, based on distance from the notochord and¯oor plate, can induce the differentiation of distinct classes of motor neurons and ventral interneurons Ericson et al., 1997; Tanabe et al., 1998) . In the tegmentum, and in the tectum ventralized by the notochord or Shh (Figs. 1C,J and 5C,D) we have also observed a relationship between neuronal identity and position relative to the ventral signal, also suggesting that some tegmental neurons develop in response to an Shh gradient. However, other mechanisms of neuronal speci®cation have been demonstrated in the spinal cord, such as the dependence of En1-expressing ventral interneurons on motor neuron differentiation (Pfaff et al., 1996) , and retinoiddependent mechanisms for some spinal interneurons (Pierani et al., 1999) , and these alternate mechanisms may also pertain in the tegmentum.
Experimental procedures
Embryo culture and grafting
Fertilized White Leghorn chick eggs were incubated in a humidi®ed atmosphere at 388C. Embryos were staged according to Hamburger and Hamilton, 1951 -free phosphate-buffered saline (PBS) and stored for 10±60 min in RPMI medium with 10% fetal calf serum prior transfer to host embryos or to tissue culture. All grafting experiments were performed in ovo using glass needles.
Shh-producing cells
A stable quail cell line (QT6) expressing Shh under control of the CMV promoter from the vector pBK (QT6/ Shh) and control QT6 cells containing pBK alone were a gift of Dr. D. Duprez and cultured as previously described (Duprez et al., 1999) . QTC/Shh cells were maintained under G418 selection and grown on tissue culture dishes until they formed dense monolayer. For in ovo experiments, small patches of the con¯uent cultured cells were scraped from the plate with tungsten needles and were transplanted into chick embryos. For in vitro experiments, isolated fragments of midbrain neuroepithelium were wrapped with patches of con¯uent QT6 cells.
Tissue culture
For tissue culture experiments, small fragments of neuroepithelium were isolated from different parts of chicken mesencephalon. Explants were cultivated 4 days at 378C, 5% CO 2 in 24-well plates (medium volume was 200 ml per well) in DME/F12 with N2 supplement (Gibco-BRL) and antibiotics, either alone or together with QT6/Shh cells or control QT6 cells. Explants were then ®xed in 4% formaldehyde in 60% ethanol mixture for 10±15 min, washed in 70% ethanol, embedded in histoplast and sectioned for immuno¯uorescence.
Mice carrying a mutant allele at the shh locus were obtained from Jackson Laboratories (Chiang et al., 1996) . Mice were genotyped by PCR using a wild-type speci®c oligonucleotide, ATGCTGGCTCGCCTGGCTGTGGAA, a mutant-speci®c oligonucleotide, GGACACCATTC-TATGCAGGG, and an oligonucleotide common to both alleles, GAAGAGATCAAGGCAAGCTCTGGC.
Immunohistochemistry
For whole-mount immunohistochemistry, embryos were ®xed in 4% paraformaldehyde in PBS for 1±2 h, rinsed several times with PBS and incubated with the appropriate mouse monoclonal antibodies (see below). The secondary antibody was sheep anti-mouse horseradish peroxidase conjugate (Amersham, used in 1:100 dilution). Peroxidase activity was visualized with metal-enhanced DAB kit (Pierce) according to the manufacturer's protocol.
For immunohistochemistry of tissue sections, harvested embryos were ®xed in 4% formaldehyde in 60% ethanol for 30 min to 2 h depending on the embryonic stage, washed with 70% ethanol, dehydrated, embedded in histoplast and sectioned at 5 mm as in previous work (Fedtsova and Turner, 1995) . The rabbit anti-Brn3.0 antiserum used has been previously described (Fedtsova and Turner, 1995) . Mouse monoclonal antibodies used included those produced against the C-terminal portion of Islet1 (clone 40.2D6, Ericson et al., 1992 ; cross-reacting with Islet2, S. Pfaff, personal communication), Pax7 (Ericson et al., 1997) , En-2 (clone 4D9, Patel et al., 1989; Gardner and Barald, 1992) , Lim2 (clone 4F2, reacting with Lim1 and Lim2, Tsuchida et al., 1994) , and the quail-speci®c antigen QCPN, all obtained from the Developmental Studies Hybridoma Bank. Mouse monoclonal anti Pax3 was a gift of Drs. Christophe Marcelle and Marianne Bronner-Fraser. Rabbit anti-Otx-2 was a gift of Dr. Paola Briata (Mallamaci et al., 1996) . Immunostaining of tyrosine hydroxylase was performed on 15-mm cryosections of paraformaldehyde-®xed embryos with monoclonal antibodies against tyrosine hydroxylase (Incstar). Secondary anti-mouse and anti-rabbit¯uorescent antibodies conjugated either with Alexa Fluor 488 or with Alexa Fluor 594 were obtained from Molecular Probes.
